Kurdistan in northern Iraq, a semi-arid region, predominantly a pastureland, is nourished by Lesser Zab, which is the second major tributary of Tigris River. The discharge in the tributary, in recent times, has been experiencing increasing variability contributing to more severe droughts and floods supposedly due to climate change. For a proper appreciation, SWAT model has been used to assess the impact of climate change on its hydrological components for a half-centennial lead time to 2046-2064 and a centennial lead time to 2080-2100. The suitability of the model was first evaluated, and then, outputs from six GCMs were incorporated to evaluate the impacts of climate change on water resources under three emission scenarios: A1B, A2 and B1. The results showed worsening water resources regime.
Introduction
There is mounting evidence that climate change would enhance extreme weather events such as tropical cyclones, floods, droughts and bushfires impacting on water resources of a region [1] . The impact on the hydrological cycle is mainly through the alteration of evapotranspiration and precipitation [2] [3] . These alterations often manifest as severe droughts and floods imparting greater variability in river discharge and soil moisture. [4] [5] have identified Iraq as highly vulnerable to climate change. The adverse effects on water resources could negatively impact the environment and the economy of the country, particularly the agricultural sector. There is a strong demand from the deci-sion makers for predictions about the potential impacts of climate change involving the duration and magnitude of precipitation, which has ramifications on sustaining and managing water resources appropriately to meet water scarcity that has become pronounced [6] . A tributary of Tigris River, Lesser Zab, is the backbone of water resources of Kurdistan region in northern Iraq. So far, water issues related to climate change in Lesser Zab catchment have not been well addressed within climate change analyses and climate policy construction [7] . This study aims to fill that void.
Study Area
Lesser Zab (also known as little or Lower Zab) originates from north-eastern Zagros Mountains in Iran and its watershed is located approximately between 35.160N to 36.790N latitudes and 43.390E to 46.260E longitudes. In the upstream of the basin, the river runs through deep valleys joined by a number of small streams such as the Banah and Qazlaga, and after a length of about 302 km, the river joins the Tigris River at Fatah (south of Mosul). Lesser Zab drains an area of about 15,600 km 2 , 80% of which is located in Iraq and the rest in Iran. Approximately 70% of the watershed is covered by pasture and the remaining 30% is used for agriculture. The dominant soil is Xerosols. Figure 1 provides the Digital Elevation Model (DEM) and landuse of the watershed. The climate of the Lesser Zab basin is arid to semi-arid with wet winters and dry summers. The mean annual temperature varies from 10˚C in the north to 22˚C in the south. The mean annual rainfall ranges from 1500 mm in mountainous north to 350 mm in the flats of the south. The mean annual flow volume of Lesser Zab at Dukan is about 7.18 billion cubic meters, manifesting highly seasonal flow regime as shown in Figure 2 with peak flow occurring in early spring (April) primarily due to snowmelt. Two dams have been constructed within Iraqi part namely; Dukan and Dibis dams for agricultural usage, hydropower and flow regulation [8] . 
Description of SWAT Model
The Soil and Water Assessment Tool (SWAT) model [9] is a river watershed scale, semi-distributed and physically based continuous time (daily computational time step) model for analysing hydrology and water quality at various watershed scales with varying soils, land use and management conditions on a long-term basis. The model was originally developed by the United States Department of Agriculture (USDA) and the Agricultural Research Service (ARS). SWAT system is embedded within a Geographic Information System (ArcGIS interface), in which different spatial environmental data, including climate, soil, land cover and topographic characteristics can be integrated.
Two major divisions, land phase and routing phase, are conducted to simulate the hydrology of a watershed. The land phase of the hydrological cycle predicts the hydrological components including surface runoff, evapotranspiration, groundwater, lateral flow, ponds, tributary channels and return flow. The routing phase of the hydrological cycles is the movement of water, sediments, nutrients and organic chemicals via the channel network of the basin to the outlet. The estimation of surface runoff is done through two methods; the SCS curve number procedure [9] and the Green and Ampt infiltration method [10] . The SCS method has been used in this study due to nonavailability of sub-daily data that is required by the Green and Ampt infiltration method. The model estimates the volume of lateral flow depending on the variation in conductivity, slope and soil water content. A kinematic storage model is utilized to predict lateral flow through each soil layer. Lateral flow occurs below the surface when the water rates in a layer exceed the field capacity after percolation.
The groundwater simulation is divided into two aquifers which are a shallow aquifer (unconfined) and a deep confined aquifer in each watershed. The shallow aquifer contributes to streamflow in the main channel of the watershed. Water that percolates into the confined aquifer is presumably contributing to stream flow outside the watershed. Three methods are provided by SWAT model to estimate potential evapotranspiration (PET)-the Penman-Monteith method [11] [12] . Water is routed through the channel network by applying either the variable storage routing or Muskingum river routing methods using the daily time step.
Model Input
Enormous amount of input data is required by SWAT model to fulfil the tasks envisaged in this research. Basic data requirements for modelling included digital elevation model (DEM), land use map, soil map, weather data and discharge data. DEM was extracted from ASTER Global Digital Elevation Model (ASTERGDM) with a 30 meter grid and 1 × 1 degree tiles (http://asterweb.jpl.nasa.gov/GDEM.ASP). The land cover map was obtained from the European Environment Agency (http://www.eea.europa.eu/data-and-maps/data/global-land-cover-250m) with a 250 meter grid raster for the year 2000. The soil map was collected from the global soil map of the Food and Agriculture Organization of the United Nations [13] . Weather data included daily precipitation, 0.5 hourly precipitation, maximum and minimum temperatures obtained from the Iraq's Bureau of Meteorology. Monthly stream flow data was collected from the Iraqi Ministry of Water Resources/National Water Centre.
Model Setup
In SWAT model, the watershed is divided into sub-basins based on the digital elevation model (DEM). The land use map, soil map and slope datasets were embedded with the SWAT databases. Thereafter, sub-basins are further delineated by Hydrologic Response Units (HRUs). HRUs are defined as packages of land that have a unique slope, soil and land use area within the borders of the sub-basin. HRUs enable the user to identify the differences in hydrologic conditions such as evapotranspiration for varied soils and land uses. Routing of water and pollutants are predicted from the HRUs to the sub-basin level and then through the river system to the watershed outlet.
Model Calibration and Evaluation
To evaluate the performance of the SWAT model, the sequential uncertainty fitting algorithm application (SUFI-2) embedded in the SWAT-CUP package [14] was used. The advantages of SUFI-2 are that it combines optimization and uncertainty analysis, can handle a large number of parameters through Latin hypercube sampling and it is easy to apply. Furthermore, as compared with different techniques in connection to SWAT such as generalized likelihood uncertainty (GLU) estimation, parameter solution (parsol), Markov Chain Monte Carlo (MCMC), SUFI-2 algorithm was found to obtain good prediction uncertainty ranges with a few numbers of runs. This efficiency is of great significance when implementing complex and large-scale models.
The SUFI-2 first identifies the range for each parameter. After that, Latin Hypercube method is used to generate multiple combinations among the calibration parameters. Finally, the model runs with each combination and the obtained results are compared with observed data until the optimum objective function is achieved. Since the uncertainty in forcing inputs (e.g. temperature, rainfall), conceptual model and measured data are not avoidable in hydrological models, the SUFI-2 algorithm computes the uncertainty of the measurements, the conceptual model and the parameters by two measures: P-factor and R-factor. P-factor is the percentage of data covered by the 95% pre-diction uncertainty (PPU) which is quantified at 2.5% and 97.5% of the cumulative distribution of an output variable obtained through Latin Hypercube Sampling. The R-factor is the average width of the 95 PPU divided by the standard deviation of the corresponding measured variable. In an ideal situation, P-factor tends towards 1 and R-factor to zero. Further, SUFI-2 calculates the Coefficient of Determination (R2) and the Nasch-Sutcliff efficiency (ENC) [15] to assess the goodness of fit between the measured and simulated data.
The ENC value is an indication of how well the plot of the observed against the simulated values fits the 1:1 line. It can range from negative infinity (-∞) to one. The closer the value to one, the better the prediction is. While the value of less than 0.5 indicates unsatisfactory model performance [16] .
SUFI-2 enables users to conduct global sensitivity analysis, which is computed based on the Latin Hypercube and multiple regression analysis. The multiple regression equation is defined as below. 
where: g is the value of evaluation index for the model simulations, α is a constant in multiple linear regression equation, β is a coefficient of the regression equation, b is a parameter generated by the Latin hypercube method and m is the number of parameters.
The t-stat of this equation which indicates parameter sensitivity is applied to determine the relative significance for each parameter, the more the sensitive parameter, the greater is the absolute value of the t-stat. When p-value is used, it is an indication of the significance of the sensitivity, p-value close to zero has more significance.
General Circulation Model (GCM) Inputs
To study the long term expected climate change in the Lesser Zab basin CGCM3.1/T47, CNRM-CM3, GFDL-CM2.1, IPSLCM4, MIROC3.2 and MRI CGCM2. 
Results and Discussion

Sensitive Analysis
Stream flow in SWAT model is expressed using 25 parameters. To use the model these parameters are to be undergoing sensitivity analysis and then ranked so that non-effective parameters can be disregarded. The results (Table 1) indicated that there are 12 most sensitive parameters. These parameters were then ranked (Table 1) . CN2 was the dominant SWAT calibration parameter for the Lesser Zab basin. In most SWAT applications in different watersheds CN2 was found to be the most sensitive parameter [18] . CN2 has major impact on the amount of runoff generated from HRUs, thus a relatively higher sensitivity index can be predicted for most of the basins. ALPHA-BF was ranked as the second. This result is consistent with the finding of [19] , who found that ALPHA is highly sensitive groundwater parameter in SWAT calibration.
Calibration and Validation
The model was calibrated and validated at two discharge stations: Alunkubri and Dukan. Alunkubri station is located at 35.750N and 44.130E, in the upper basin. Dukan is at 35.880N and 44.960E, in the lower basin. The calibration period for Alunkubri was eight years (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) and the validation period was three years (1985) (1986) (1987) . At Dukan station, the model was calibrated for sixteen years (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) and validated for nine years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) . The first three years for Dukan was warm up period, but this could not be done for Alunkubri due to short period of record. The results of SWAT calibration and validation at Alulnkubri and Dukan stations are shown in Figure 3 and Figure 4 , respectively. 
Trends in Precipitation, Blue Water and Green Water in the Past
Using the calibrated model, annual precipitation, blue water (summation of water yield and deep aquifer recharge) and green water including green water storage (soil water content) and green water flow (evapotranspiration) were estimated during the last three decades to identify the impacts of climate change on the water cycle components. Blue water is the freshwater humans can access for instream use or withdrawal. Green water does not provide direct access to humans but sustains natural flora and rain-fed agriculture. Figure 5 captures the spatial distribution of precipitation in HRUs over three consecutive decades. From the figure it is apparent that there is a general declining trend in precipitation over time. Both the blue water and green water in the Lesser Zab basin decreased from upstream to downstream ( Figure 6 and Figure 7) . Generally, green water tracks blue water, where blue water flows are high, green water flows also have a tendency to be high. The spatial patterns of the blue and green water flows are largely affected by the spatial patterns of precipitation. In addition, land cover contributes to the shaping of spatial patterns. The average annual blue water and green water for the entire catchment significantly decreased from 1980s to 2000s. It is plausible that the decreasing trends in the average annual blue water and green water are attributable to climate change. Green water flow stayed nearly consistent due to hypothesis that land cover stay consistent through the period of 1980-2010 (Table 2 ). 
Blue Water Scarcity Indicators
The calibrated model was also used for blue water scarcity analysis. The five water stress ranks introduced in Figure 8 follow the most widely applied water stress indicators defined by [20] 
Uncertainty and Natural Variation in Green Water Storage
For the rainfed crops, the average of the months per year for the period of 1980 to 2010 where green water storage is available (defined as >1 mm•m −1 ) is of greatest significance [23] . This is shown in Figure 9 (a). Up to 65% of the basin experiences 6 to 8 months (October to May) in which green water is available .The standard deviation (SD) of the months per year without depleted soil water is presented for the 1980-2010 period in Figure 9 (b). The areas with a high SD such as the lower part of the basin show high variability in green water storage availability. This could lead to reduced crop yield. For sustaining agriculture production in this part, adjusting irrigation systems and applying alternative cropping practices are highly recommended.
The Impacts of Climate Change on Temperature and Precipitation under A2, A1B, B1 Emission Scenarios
Mean annual temperature and precipitation outputs from the six GCMs identified earlier were processed for the Lesser Zab basin under three scenarios (A2, A1B, B1). Table  3 captures the projected changes in mean annual temperature for two future periods (2046-2064) and (2080-2100) relative to base period . Changes in mean temperature tend to be more consistent than precipitation. All the models showed consistent increasing trends in temperature. Table 4 captures the projected relative changes in mean annual precipitation from the baseline scenario . Generally, all models showed a decrease in mean annual precipitation at half-centennial future (2046-2064) and centennial future Table 4 . GCM predicted changes in the mean annual precipitation of the future under A2, A1B and B1 scenarios. (2080-2100) except MRI CGCM2.3.2. GFDL-CM2.1 yielded highest decreases. Figure  10 captures the anomaly maps of precipitation distribution (maps of percent deviation from historic data, 1980-2010) for A2, A1B and B1 scenarios for the periods 2046-2064 and 2080-2100 for the average change of multi-GCM ensemble. Under all emission scenarios, except B1 the basin will see decreases in precipitation at different rates. A2 emission scenario showed the highest decreases. The reductions in the lower and the west part of the basin would be quite large, as high as 34% and 30% for the half-centennial future and centennial future receptively under extreme A2 emission scenario. Under B1 scenario for the near future, 78% of the basin would experience an increase in precipitation as high as 10%, while 22% of the basin located in the lower part would experience a reduction up to 30%. However, for the far future, only 40% of the basin will see an increase up to 20% located in the upper part and the rest of the basin will see a decrease up to 30%. 
The Impacts of Climate Change on Blue and Green Water under A2, A1B, B1 Emission Scenarios
With the GCM projections incorporated in the SWAT model, it is evident that there would be decreases in blue water and green water storage at half-centennial and centennial projections in the future. The estimated values are provided in Table 5, where there is a consistent decrease except for MRI CGCM2.3.2 under A1B. GFDL gave the greatest reductions while MRI gave the lowest reductions. For A2 scenario, the GCMs projected decreases in blue water ranging from 15% to 43% in 2046 and from 26% to 53% in 2080. Decreases in green water vary from 5% to 24% in 2064 and 10% to 31% in 2080. Under A1B scenario, the decrease of blue water ranging from 8% to 43% in 2046 and 33% to 53% in 2080. The changes in blue water under B1 were between 8% and 23% in 2046 and between 9% and 33% in 2080. The changes in green water were between 2% and 15% in 2046 and between 5% and 16% in 2080. sion scenarios for the whole basin except a small area located in the southeast of the basin which will experience an increase under B1 scenario for the both periods. A2 scenario project the highest reduction (38%) followed by A1B (11%) and then B1 (6%). In the centennial future, the reduction will increase to 41%, 17% and 8% under A2, A1B
and B1, respectively. Similarly, green water flows will decrease under the three emission scenarios for the two future periods except B1 scenario for 2046 to 2064 period, where most of the basin would experience increases could reach to 5%, which is captured in Figure 12 . 
The Impacts of Climate Change on Deep Aquifer Recharge under A2, A1B, B1 Emission Scenarios
All scenarios in the near and far future indicated that the entire basin will experience decreases could reach to 40 and 60% for the near future and far future, respectively under A2 scenarios. 60% -80% in ground water recharge ( Figure 13 ). Under A1B, the highest decreases will be seen in south of the basin which will be up to 40 and 60% for the 2046 to 2064 and for 2080 to 2100 respectively. For B1 scenario, 20% of the basin located in the south west will see decreases of up to 70% for the both periods. The central of the basin will experience increase of up to 20% in near future and up to 40% in far future. While 40% of the basin located in the north will experience an increases ranging from 10% to 30% in near future. In far future, only 10% of the basin located in the north east will see an increase up to 10%. However, recharge might be overestimated because of assumption of consistency of land cover in the model.
Conclusion
In this study, the SWAT model was satisfactorily applied to estimate the blue and green water flows for the Lesser Zab basin. The results of calibration and validation of the SWAT model at two hydrological stations demonstrated that simulated data were in reasonable agreement with the measured data. The calibrated model was used to assess the impacts of climate change on blue and green water flows in the last three decades as well as identify blue water scarcity and green water storage availability in the basin. The spatial and temporal distributions of precipitation, blue and green water were presented. Generally, precipitation, blue and green water flow show a great reduction in the last three decades. These results can be attributed to global warming. Most of the basin suffers from water scarcity except small area located in the upper part of the region. The lower part of the basin shows high variability in green water storage availability. The impacts of projected climatic change on the water resources variability were assessed in the Lesser Zab Basin using the calibrated SWAT Model, CMIP3 and BCSD downscaling method. Projections of multi-GCMs indicated that temperature will increase while precipitation will decrease in the future. Blue water and green water flows are likely to decline in the future mainly because of an increase of air temperature and a decrease in precipitation.
